Immunofluorescence microscopy was used to study the establishment of compartment-specific transcription during sporulation in Bacillus subtilis. Analysis of the distribution of the anti-anti-sigma factor, SpoIIAA, in a variety of mutant backgrounds supports a model in which the SpoIIE phosphatase, which activates SpoIIAA by dephosphorylation, is sequestered onto the prespore face of the asymmetric septum. Thus, prespore-specific gene expression apparently arises as a result of the compartmentalization of SpoIIE protein. The results also suggest the existence of at least two compartment-specific programs of proteolysis, one dependent on the mother cell-specific sigma factor E and the other dependent on the prespore-specific sigma factor F .
Immunofluorescence microscopy was used to study the establishment of compartment-specific transcription during sporulation in Bacillus subtilis. Analysis of the distribution of the anti-anti-sigma factor, SpoIIAA, in a variety of mutant backgrounds supports a model in which the SpoIIE phosphatase, which activates SpoIIAA by dephosphorylation, is sequestered onto the prespore face of the asymmetric septum. Thus, prespore-specific gene expression apparently arises as a result of the compartmentalization of SpoIIE protein. The results also suggest the existence of at least two compartment-specific programs of proteolysis, one dependent on the mother cell-specific sigma factor E and the other dependent on the prespore-specific sigma factor F .
Spore formation by the gram-positive bacterium Bacillus subtilis has been extensively studied for many years as a simple example of cellular development and differentiation (reviewed in references 10 and 39). The first overt morphological change associated with sporulation is the formation of a highly asymmetric septum that produces a large mother cell and a much smaller prespore. Different, coordinated programs of gene expression are then initiated in the two compartments.
Differential gene expression is controlled by four sigma factors, two of which are active in the prespore ( F and G ) and two in the mother cell ( E and K ). These sigma factors become active sequentially and alternately in the two cells. The correct activation of F in the prespore is of particular importance because it is required, directly or indirectly, for the activation of all of the later sigma factors.
F is encoded by the third gene, spoIIAC, of the spoIIA operon (15) , which is strongly induced before asymmetric septation (13, 28, 42) . Thus, F is present throughout the cell before asymmetric septation (16, 21, 27) . The products of the two genes upstream of spoIIAC (spoIIAA and spoIIAB) are important regulators of F activity (28, 34) . SpoIIAB is an anti-sigma factor which can bind to F , preventing it from interacting with core RNA polymerase (9, 24) . SpoIIAB can also specifically phosphorylate and inactivate the SpoIIAA protein (6, (23) (24) (25) . Conversely, binding of nonphosphorylated, active SpoIIAA to SpoIIAB leads to the release of F activity (1, 6, 8) . Inactive SpoIIAA-P can be restored to activity by the action of a specific phosphatase, SpoIIE (2, 7, 14) . This phosphatase is a bifunctional protein that is also required for proper formation of the asymmetric septum (5, 14) . Consistent with its possible role in coupling F activation to septation, SpoIIE protein is targeted to the potential sites of asymmetric division at both poles of the cell early in sporulation (3, 4) . Later, the protein disappears, first from the prespore-distal pole of the sporangium in a E -dependent manner (31), then from the prespore pole itself. An important unresolved question concerns whether (and if so, how) SpoIIE phosphatase activity is regulated to bring about prespore-specific release of F . There are essentially three ways in which this might work ( Fig. 1) (7, 14) . First, SpoIIE might be active on both sides of the asymmetric septum, in which case the smaller size of the prespore compartment could lead to more active dephosphorylation of SpoIIAA-P (Fig. 1A) . Second, SpoIIE activity could be distributed on both sides of the septum but regulated so as to be active only on the prespore face of the septum (Fig. 1B) . Third, the protein could be exclusively localized to the prespore face of the septum (Fig. 1C) . Recent results provide strong support for the third model (46) .
In a previous study we used immunofluorescence microscopy to examine how F and its regulatory proteins, SpoIIAA (i.e., the nonphosphorylated, active form of the protein), SpoIIAA-P, and SpoIIAB, are distributed in wild-type sporulating cells (21). The main conclusion from that work was that the release of F activity was closely correlated with the accumulation of SpoIIAA in the prespore compartment. Here we describe the application of similar methods to various sporulation mutants, aiming to distinguish between different possible models of SpoIIE action.
spoIIIE mutants are defective in prespore chromosome segregation. In such cells, only a small segment of the chromosome (about 30%, centered near oriC) is present in the prespore (43, 44) . Curiously, spoIIIE mutations can be divided into two distinct classes on the basis of secondary effects on F activity (43, 47) . In class I mutants [e.g., spoIIIE36(I)], F -dependent genes that lie within the oriC region are transcribed but those that lie outside this region are not transcribed (40, 43, 44) . Therefore, F is activated, as in wild-type cells, only in the prespore (Fig. 1D) . In class II mutants [e.g., spoIIIE604(II) and spoIIIE647(II)], however, F activity becomes delocalized and is therefore detectable in both mother cell and prespore compartments ( Fig. 1E) (43) . Consequently, F -dependent reporter genes at any location in the chromosome can be expressed. In addition, Pogliano et al. (31) have recently analyzed the distribution of SpoIIE phosphatase in spoIIIE mutants and found that in spoIIIE(I) mutants the pattern was essentially normal, whereas in spoIIIE(II) mutants SpoIIE persists both at the asymmetric septum and at the opposite pole of the sporangium ( Fig. 1D and E) .
A second class of mutations we have exploited in this work lies in the spoIIG operon, encoding the precursor of E and its proteolytic activator, SpoIIGA (19, 38). These mutations produce a "disporic" phenotype, in which prespore-like cells are formed at both poles of the sporulating cell as a result of the failure of E to become active in the mother cell (18, 22, 29, 30) . The distribution of SpoIIE has also been determined in these mutants as well as in spoIIG spoIIIE double mutants (Fig.  1F) (31) .
Analysis of the distribution of F and its regulatory proteins in several mutant strains strongly supports the recent findings of Wu et al. (46) that SpoIIE phosphatase becomes sequestered to the prespore face of the asymmetric septum. Additionally, we provide further evidence for the existence of compartment-specific programs of protein degradation (21). These could play important roles in fixing the differential gene expression of the prespore and mother cell types.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used are listed in Table 1 . All are isogenic with SG38. Cells were grown and resuspended to induce sporulation as described previously (26, 27, 36) .
Antibodies and immunofluorescence. Antibodies were prepared, their specificities were verified, and they were used for cytological staining as described by Lewis et al. (21) .
Epifluorescence microscopy and image analysis. Epifluorescence microscopy was performed as described by Lewis et al. (21) . Twelve-bit images were captured with a 1,200-by 800-pixel, 22-m-pitch, cooled, charge-coupled device (spoIIIE single mutant data) or a 1,536-by 1,024-pixel, 9-m-pitch, cooled, charge-coupled device (spoIIG spoIIIE double mutant data), both from Digital Pixel Advanced Imaging Systems, Brighton, United Kingdom. The exposure times were the same as those described by Lewis et al. (21) for single mutant data. For double mutant data, fluorescein isothiocyanate images were acquired with a 5-s exposure, and Cy3 and DAPI (4Ј,6-diamidino-2-phenylindole) images were acquired with a 2-s exposure. The single mutant data was acquired with Lucida version 2.x software (Kinetic Imaging). The double mutant data was acquired with IPLab Spectrum version 3.1.1 software (Signal Analytics Corporation, Vienna, Va.). All images were analyzed as described previously by Lewis et al. (21) and prepared for publication with Adobe Photoshop and PowerPoint.
Enzyme assays. ␤-Galactosidase activity was measured by the method of Errington and Mandelstam (13) . One unit of ␤-galactosidase catalyzes the production of 1 nmol of 4-methylumbelliferone per min under the standard conditions. Alkaline phosphatase (APase) activity was measured as described by Errington and Mandelstam (12) . One unit of APase catalyzes the production of 1 nmol of o-nitrophenol per min under the standard reaction conditions.
RESULTS

Experimental protocol.
As described previously (21), affinity-purified antibodies from polyclonal antisera were used to determine the subcellular distributions of F , SpoIIAB, SpoIIAA-P, and SpoIIAA. To correlate the pattern of distribution of the protein with the developmental state of the cell, two additional cytological markers were used. First, the DNAspecific fluorescent dye DAPI was used to reveal the characteristic changes in chromosome morphology that occur during sporulation (17, 35, 47) . Second, anti-␤-galactosidase antibodies were used to detect the expression of a F -dependent gprlacZ fusion (present in all of the strains used), so that F ac- tivity could be monitored (see Materials and Methods) and as a control to check cell permeabilization in the absence of a signal for the other proteins. It should be noted that in spoIIIE mutants, G (which can also direct transcription of gpr) is not active (45) .
Compartmentalized accumulation of nonphosphorylated SpoIIAA is coincident with F activity in spoIIIE mutant cells. Since the two classes of spoIIIE mutations have very different effects on the localization of F activity (see the introduction), studies of the distribution of F and its regulatory proteins could be useful in further understanding the mechanisms involved in F activation. B. subtilis 930 [spoIIIE(I)] and 1216 [spoIIIE(II)] were induced to sporulate, and samples were collected at intervals for analysis by immunofluorescence microscopy. The frequency of initiation of sporulation (as judged by DNA morphology) and the proportion of cells with active F (i.e., having detectable ␤-galactosidase signals) increased with time, in accordance with our previous observation of sporulating wild-type cultures (reference 21 and data not shown). Table 2 shows the results of a detailed analysis of samples collected 3 h after the induction of sporulation (t 3 ), when all of the different classes of cells can be readily detected (21). In the spoIIIE(I) mutant, the ␤-galactosidase signal was restricted to prespores ( Fig. 2A ), in accordance with the correct activation of F in the prespore (43) . In addition, the behavior of the nonphosphorylated form of SpoIIAA was very similar to that of wild-type cells (21). Thus, most of the cells with active F showed a significantly greater SpoIIAA signal in the prespore than in the mother cell ( Fig. 2A) . The remaining cells had a relatively weak signal, which either covered both the prespore and mother cell compartments (column "MϩP" in Table 2 ) or, in predivisional cells, covered the whole cell (not shown).
In the spoIIIE(II) mutant, however, almost all of the sporulating cells showed a strong SpoIIAA signal throughout the cell (Fig. 2B and Table 2 ) rather than restricted to the prespore. This accumulation of SpoIIAA throughout the cell in spoIIIE (II) mutants reflects the delocalized F activity observed in this strain and reinforces the previously observed close correlation between the accumulation of SpoIIAA and the release of 31) showed that the SpoIIE ring at the prespore-distal end of the cell persists in spoIIIE(II) mutants, rather than being degraded, the delocalization of SpoIIAA in this strain could be due to SpoIIE activity in the mother cell. (Note that the ␤-galactosidase signal is seen only in the mother cell because of the location of the reporter gene [43] .)
Dephosphorylation of SpoIIAA is restricted to the prespore compartment in both classes of spoIIIE mutants in the presence of a spoIIG mutation. To try to clarify why the two classes of spoIIIE mutations had different effects on SpoIIAA dephosphorylation in the mother cell, we repeated the experiments with both classes of spoIIIE mutations in a spoIIG background. This genetic background was useful for two reasons. First, the developmentally regulated degradation of the SpoIIE phosphatase that normally occurs in the mother cell is blocked, because it depends on E , encoded by the spoIIG operon (31). Second, the SpoIIE ring at the prespore-distal pole is "processed" by formation of a second polar septum, so that activation or sequestration of SpoIIE at that pole should occur in the same manner as at the first polar septum. Interestingly, in contrast to the disparate results obtained with the spoIIIE single mutants, the distribution patterns of SpoIIAA in the two double mutant strains were indistinguishable (compare Fig. 2A and B with C and D). SpoIIAA was enriched in the prespore compartments of the majority of the sporulating cells (Table 2 and Fig. 2C and D) . Thus, it appears that in both strains, most of the phosphatase activity is now restricted to the prespores and the "aberrant" dephosphorylation of SpoIIAA that occurs in the mother cell compartment of spoIIIE(II) mutants is greatly reduced. Most likely the spoIIG mutation has this effect because it leads to formation of the second polar septum and this sequesters the SpoIIE phosphatase out the central compartment (46) (see Discussion).
As described previously for spoIIG single mutants (22), we found that F was activated in both of the prespores, as seen by the expression of ␤-galactosidase from the gpr-lacZ fusion situated at the amyE locus (Fig. 2C and D) . In similar strains with the gpr-lacZ fusion at its normal chromosomal position and thus located in the central compartment (43) , no F activity was detected (45, 46) , in accordance with our finding only low levels of SpoIIAA in this compartment. We noticed that the ␤-galactosidase signals in these cells tended to lie closer to the cell poles than the main part of SpoIIAA signal (this is especially apparent in Fig. 2D ). It seems possible that this is related to the localization of the SpoIIE phosphatase, which generates the unphosphorylated SpoIIAA, at the septum.
Changes in the patterns of protein turnover in spoIIIE mutant cells. It was important to determine that the other proteins involved in the regulation of F were not responsible for the effects on F activity seen in the various mutant strains. The distributions of F , SpoIIAB, and SpoIIAA-P in cells of the spoIIIE(I) mutant are summarized in Table 2 , and examples of the predominant staining patterns are shown in Fig. 3 . These cells did show some differences from wild-type cells, particularly in that F and SpoIIAB both appeared to persist in the prespore while they disappeared from the mother cell (Fig.  3A and B and Table 2 ). In the wild type, these signals, particularly that of SpoIIAB, had disappeared from both compartments by t 3 . Therefore, it appears that there are separate programs for degrading various proteins in the mother cell and prespore and that in a spoIIIE(I) mutant the prespore-specific program fails to be activated (see Discussion).
In a spoIIIE(II) mutant the staining patterns for F , SpoIIAB, and SpoIIAA-P were noncompartmentalized (Fig. 3D to F and Table 2 ). Although this might appear to be a pattern of distribution similar to that of the wild type, unlike in the wild type, the proteins tended to persist in both compartments (compare the data in columns "MϩP" and "% Sporulation" for the two strains in Table 2 ).
Most interestingly, in spoIIG spoIIIE double mutants, the distributions of all three proteins, F , SpoIIAB, and SpoIIAA-P, were the same irrespective of the type of spoIIIE mutation (Table 2) . Nearly all of the cells retained a signal irrespective of the protein examined, suggesting that protein turnover is generally reduced compared with that of the wild type. The intensity of fluorescence did seem to decrease moderately from t 1.5 to t 3 (not shown), but nearly all of the cells still had a clearly detectable signal at t 3 . In general, F , SpoIIAB, and SpoIIAA-P were distributed equally in all compartments (Fig. 3G and Table 2 ), although two minor classes of compartmentalization could be detected. In the first (values in parentheses in the "MϩP" column of Table 2 ), the signal was stronger in the central compartment than in the prespores. In the second, (column "Prespore" of Table 2 ), the signal was stronger in the prespores than in the central compartment. The distribution of SpoIIAA-P was either equal in all three compartments or stronger in the central compartment than in the prespores. No cells were observed with a stronger prespore signal ( Table 2) . The relatively high proportion of cells with a mother cellenriched signal for this protein (Table 2 ) would be consistent with the phosphatase activity of SpoIIE being restricted to the prespores.
Taken together, these results suggest that these single and double mutants are deficient in the developmentally regulated degradation of several different proteins.
Reduced E activity in the mother cell compartment of spoIIIE(II) cells. The reduction in protein turnover in the mother cell compartment of spoIIIE(II) mutants mentioned above was reminiscent of the previous report that the SpoIIE ring at the prespore-distal pole of the cell (i.e., in the mother cell) is retained in spoIIIE(II) mutants (31). The most likely explanation for a general reduction in protein turnover in the mother cell would be that it fails to synthesize or activate one or more proteases. Such events would most likely be controlled by the mother cell-specific sigma factor, E . To test whether spoIIIE(II) mutants were affected for E activity, we examined the effects of both classes of spoIIIE mutations on two mother cell-specific reporter genes. As shown in Fig. 4 , spoIIIE(II) mutants showed a significant reduction in expression of both APase (a "natural" reporter enzyme [11] ) and ␤-galactosidase from a spoIVA-lacZ fusion (33, 37) , whereas spoIIIE(I) mutants were virtually indistinguishable from the wild type. It appeared that the effect was most marked in later sporulating cells than in early ones, for reasons that are not yet understood. However, it may be significant that the aberrant activation of F in the mother cell compartment of spoIIIE(II) mutants also seems to occur relatively late (20, 45). We conclude that spoIIIE(II) mutants are deficient in E activation and that E most likely controls the turnover of a number of proteins in the mother cell compartment.
DISCUSSION
Further correlation between the accumulation of nonphosphorylated SpoIIAA and F activation. We have previously shown that in wild-type cells there is a strong correlation between the accumulation of SpoIIAA in the prespore and activation of F in that compartment (21). Analysis of spoIIIE(I) cells showed that SpoIIAA accumulated in the prespore, consistent with the correct compartmentalization of F activation in this mutant. This correlation was extended further when a spoIIIE(II) mutant was examined. In this mutant, F activation is delocalized, occurring in the mother cell and the prespore, and as is shown clearly in Fig. 2 and Table 2 , the nonphosphorylated form of SpoIIAA was also delocalized in this strain. Surprisingly, when combined with a spoIIG mutation, resulting in a disporic phenotype, F activity became correctly localized to the prespore compartments, irrespective of the type of spoIIIE mutation (Fig. 2) (46) . Analysis here of the accumulation of SpoIIAA showed that in both cases, it was now mainly restricted to the prespores. Thus, again, there is a close correlation between SpoIIAA accumulation and F activation. The data obtained with the spoIIIE(I) mutant strain also indicate that the accumulation of SpoIIAA in the prespore cannot be due to de novo synthesis, as the structural gene for this protein, spoIIAA, lies at 208°(30), well outside the segment of the chromosome that is trapped in the prespores of spoIIIE mutants (43, 44) . Thus, in the mutant, SpoIIAA must be generated by dephosphorylation, presumably by the SpoIIE phosphatase. It follows that this is also likely to be the primary origin of the nonphosphorylated SpoIIAA in the prespores of wild-type sporulating cells. How then is SpoIIE activity regulated so that SpoIIAA dephosphorylation occurs only in the prespore?
SpoIIE is restricted to the prespore face of the asymmetric septum. The results described above, together with those of 
Pogliano et al. (31), support the recent results showing that
SpoIIE is sequestered to the prespore face of the asymmetric septum (44) . In the model shown in Fig. 5 , SpoIIE is inherently active (i.e., not regulated), but on septation it is sequestered on the prespore face of the asymmetric septum. This model accounts for the distributions of SpoIIAA in all of the mutant backgrounds, as well as in the wild type. spoIIIE(I) mutants behave similarly to the wild type. In spoIIIE(II) mutants, we assume that the SpoIIE remaining at the prespore-distal pole of the cell could generate sufficient SpoIIAA to activate F . Indeed, the fact that F activation in the mother cell is slightly delayed in these mutants (20, 45) could be because it takes SpoIIE longer to generate a sufficiently large pool of SpoIIAA in the much larger mother cell. More importantly, this model explains why SpoIIAA accumulation was observed predominantly in the prespores of spoIIG spoIIIE double mutants, since there is no phosphatase in the central compartment. On the basis of these arguments, the most likely explanation for the compartmentalization of F activity is that it is driven by sequestration of the SpoIIE phosphatase to the prespore face of the asymmetric septum. Direct microscopic observation of protoplasts made from sporulating cells containing a SpoIIE-GFP fusion are consistent with this idea (46) .
An important issue arising from the notion that SpoIIE is regulated only by sequestration concerns its presumptive activity in the predivisional cell and at the prespore-distal pole soon after septation. We previously noted a small, but reproducibly detectable, signal for SpoIIAA in the mother cell during sporulation (Fig. 2) (21) . Presumably, in wild-type cells, this small amount of SpoIIAA is not sufficient to activate . If SpoIIE were distributed on both faces of the septum, the protein present in the central compartment of such cells should persist, since SpoIIE degradation in the mother cell requires E (31). The disappearance of SpoIIE in spoIIG mutants would be expected if the protein is all sequestered in the prespore compartments, where it could be degraded in a F -dependent manner. Following from this, the retention of SpoIIE in the prespores of spoIIIE mutants could be due to the fact that the putative protease-encoding gene(s) transcribed by F lies within the region of the chromosome that does not enter the prespore in these mutants, so the protease is not made in that compartment.
Irrespective of these detailed arguments, it is clear that restriction of SpoIIE to the prespore face of the asymmetric septum, thus abruptly concentrating it in a small compartment, could provide a strong, spatially localized signal triggering the initial release of F in the prespore and leading to the establishment of differential transcription in the two cells.
Compartment-specific pathways of protein degradation during sporulation. The results discussed above, together with those described previously by Pogliano et al. (31), strongly suggest the existence of independent compartment-specific pathways of degradation of SpoIIE. Further evidence for the existence of compartment-specific degradation pathways is also apparent from the distributions of the other proteins examined in these studies and previously (21). In spoIIIE(I) mutants, F and SpoIIAB signals disappeared at a much greater rate from the mother cell than from the prespore, leading to an abundance of cells with stronger prespore signals. This contrasts with the results observed for wild-type cells, in which F and SpoIIAB disappeared at approximately equal rates from both compartments (21). In spoIIIE(I) mutants, E is activated normally (43) , and F , SpoIIAB, and SpoIIE are all degraded in the mother cell. However, in these mutants the putative F -dependent protease gene(s) presumably does not enter the prespore compartment, so F and SpoIIAB persist. It should be noted that the loss of F from the prespores of wild-type cells coincides more or less with the appearance of the late presporespecific sigma factor, G . It is possible that a G -dependent protease is responsible for F turnover in the prespore while FIG. 5. Proposed explanation for the distribution of SpoIIAA in wild-type and mutant strains. We assume that SpoIIE (solid circles) is restricted to the prespore after asymmetric septation. The curved arrow indicates the generation of SpoIIAA (AA) from SpoIIAA-P (A-P) by SpoIIE phosphatase activity. a E -dependent protease turns over F in the mother cell. The same argument could also be applied to the turnover of SpoIIAB. However, turnover of SpoIIAB by a F -dependent protease could be important for the correct activation of G , as SpoIIAB is also thought to regulate the activity of G (32) . In spoIIIE(II) mutants, F and E activities are delocalized and all of the proteins examined tend to be retained in both compartments. Thus, not only is the prespore-specific degradation pathway lost, as in the spoIIIE(I) mutant, but mother cellspecific protein turnover is also reduced. The results shown in Fig. 4 provide a possible explanation by demonstrating that spoIIIE(II) mutants have reduced E activity, as well as aberrant F activity in the mother cell. It is not yet clear which of these effects is the primary one, if indeed they are interdependent.
In a spoIIG background, E activity is abolished, so both compartment-specific protease pathways should be abolished, irrespective of the type of spoIIIE mutation present. This was supported by the low (and approximately equal) rates of protein turnover throughout the three compartments in these cells.
Since SpoIIAA differs from all of the other proteins in its continued accumulation during development of the wild type, it is likely that specific sequence motifs identify those proteins that are to be degraded (or left intact). The availability of several mutants, differing in the extent to which these pathways are activated, should facilitate identification of the genes encoding some of the putative proteases and allow their specificities, regulation, and possible roles in the control of transcription to be elucidated. E 
